Electric Vehicles with more than one electric motor can offer advantages in saving energy from the batteries. In order to do that, the control strategy plays an important role in distributing the required torque between the electric motors. A dual motor propulsion system with a differential transmission is simulated in this work. A rule based control strategy for this propulsion system is proposed and analyzed. Two parameters related to the output speed of the transmission and the required torque are used to switch the two modes of operation in which the propulsion system can work under acceleration. The effect of these parameters is presented over the driving cycles of NEDC, UDDS, and NYCC, which are followed using a PID controller. The produced energy losses are calculated as well as an indicator of drivability, which is related to the difference between the desired speed and the actual speed obtained. The results show that less energy losses are present when the vehicle is maintained with one electric motor most of the time, switching only when the extended speed granted by the second motor is required. The propulsion system with the proposed control strategy represents a feasible alternative in the spectrum of sustainable transportation architectures with extending range capabilities.
Introduction
Compared with propulsion systems based on the Internal Combustion Engine (ICE), the electric propulsion system offers advantage in the efficiency in which the energy is transformed into rotating movement. Typical Electric Vehicle (EV) propulsion systems provide efficiencies between 53% and 77%, which are superior when compared to propulsion systems based on ICEs, with efficiencies between 13% and 20% [1] . However, the capacity to store energy in an Electric Vehicle continues to represent a limitation for a more widespread use of EVs. With current technologies, the amount of energy that can be carried lies in a range between 100 and 250 Wh/kg [2, 3] , significantly smaller than the amount of energy stored in fossil fuels 15 kWh/kg [4] . This fact, combined with long charging periods and elevated cost, results in EVs with limited driving range that cannot compete with ICE cars.
To address this issue, several research lines have been explored. Lightweight materials [5] , new battery technologies [3, 6] , and more efficient motors and power electronics [7] can be counted among the possible improvements. In parallel with those research lines, it has been found that architectures that depart from the traditional electric powertrain can offer a more efficient use of the limited energy stored in the batteries. In such systems, two or more electric motors are used in combination with a planetary gear train, which allows the load to be distributed among the motors. This provides properties of speed ratios that cannot be achieved by conventional transmissions. The control strategy for the power distribution of energy between the motors is a decisive factor in the minimization of power losses of the propulsion system.
In the work of Zhang and coworkers [8] , the dual motor coupling propulsion system (DMCPS) is presented. The DMCPS can work with one or two electric motors. The shift between one or two motors is produced when the main motor achieves certain speed, which is then maintained constant, and, from that point, the vehicle speed is regulated only by a smaller auxiliary motor. However, when there is a speed differential between the branches of planetary systems, there are also differences in the torque ratios between the power 2 Mathematical Problems in Engineering sources, an effect that was not specified in the cited article. Efficiency analysis and EV driving range simulations have found that efficiency and range are improved if the dual motor type of propulsion system works either with one motor and the other motor locked or with the two motors at the same speed [9] . The operation of the two motors at different speeds can be used as a transition, as we propose in the present work. In the work of Wang and Sun [10] , a dual motor propulsion system is also analyzed with an optimization of the components of the powertrain; however details of the control strategy of operation of the two motors were not provided.
The proposed power split control strategy has the capacity to achieve vehicle speeds either working only with one electric motor, working with two electric motors at the same speed, or working with two electric motors at different speeds. The goal is to analyze the input information that the control strategy requires in real time to obtain lower energy losses in the propulsion system during the vehicle acceleration, with the best drivability possible. Due to its simplicity and practicality, a rule based algorithm was chosen to design the control strategy over other popular alternatives like dynamic programming [8, 11] or extremum seeking algorithm [12] whose implementation could be unfeasible or computationally expensive.
Considering the mentioned control strategies and optimizations in powertrains with more than one electric motor, this work aims to contribute with the design of a power split control strategy for a dual motor type of propulsion system for EVs, implementable in real time, which depend on the monitoring of the driver torque request and the vehicle speed. Also, the proposed control strategy was modelled and simulated over driving cycles to analyze the effect of its control parameters on the energy losses and drivability.
The organization of this work is as follows. Section 2 describes the powertrain architecture and Section 3 presents the modelling of its components. Section 4 describes the design of the control strategy. Section 5 provides the results of the proposed control strategy and the effects of the input parameters of the control strategy on energy losses and drivability. Section 6 provides the conclusions of this study.
Powertrain Architecture
The powertrain used in this work is presented in the schematic displayed in Figure 1 . The first differential (D1) is composed of side gears 1 and 2 (SG1 and SG2), a carrier and planetary gears, and a ring gear (RG) which outputs the torque. The torque is transmitted through a reduction gear and from there to a second differential (D2), which transmits the power to the wheels.
The figure shows that the torque request is sent to the embedded system, which transmits the torque request to the two motors. The control strategy is programmed in the embedded system, which is in charge of the decision of when it is more convenient to use one or both motors according to the conditions of speed and available power. When both motors are used, the torque is transmitted from them to D1. When only one motor is used, one of the motor locks (labeled in the diagram as L1 or L2) is activated to prevent the rotation of the idle motor. The described powertrain was simulated to account for the power losses incurred in the electric motors. The control strategy objective is to provide the necessary power, considering the torque request and current speed, by choosing the operation mode (one or two motors) that provides less energy losses. The models used for the simulation are described in Section 3.
Component Modelling
The EV is modelled using the conventional longitudinal dynamics equations for loads caused by rolling resistance ( rr ), aerodynamic drag ( ad ), hill climbing ( hc ), and inertial forces ( la ) in
For the rolling resistance force, rr , , , and are the rolling resistance coefficient, gravity, vehicle mass, and slope angle, respectively. For the aerodynamic drag, , , , , and are the air density, aerodynamic drag coefficient, frontal area, displacement, and time, respectively. These forces are added to obtain the traction force ( tr ) in The load torque transmitted to differential 1 ( tr ) passing through differential 2 and the gear reduction is presented in (3), where is the wheels radius and is the overall gear ratio:
The model for the electric motor considers the power losses as a function of the torque and speed [13] [14] [15] [16] . The efficiency of the motor ( EM ) is given by (4) in which EM and EM are the torque and the angular speed of the electric motor. The parameters , , , and take the values 0.3, 0.01, 0.000005, and 600, respectively, to simulate a 100 kW induction motor [13] . The efficiency of both electric motors ( EM1 and EM2 ) in this study is calculated using (4). Figure 2 represents the efficiency map of the motor in its operation range and the line of maximum torque. Consider
In this case, the same characteristics for the two electric motors were used. The output angular speed of differential 1 ( D1 ) is a function of the speed of electric motors 1 and 2 ( EM1 and EM2 ) as shown in
The output torque of differential 1 ( D1 ) is a function of the torque of the electric motors ( EM1 and EM2 ) as shown in Table 1 . According to the table, Operation Mode 1 (OM 1) corresponds to a situation in which lock 2 is actuated and, as a consequence, EM2 = 0. All the power for the vehicle is provided by electric motor 1. In Operation Mode 2 (OM 2), both locks are deactivated and the vehicle is powered by both of the electric motors. In Operation Mode 3 (OM 3), both locks are deactivated but one of the motors is being driven by the other motor, and as a result D1 = 0 is obtained. This mode cannot accelerate the vehicle but can be useful in regulating the speed of the electric motors. The three modes are subjected to the condition of (6) which represents the energy balance of the differential:
According to OM 3, a condition in which one of the motors would operate at low speeds (and, e.g., at low efficiencies according to the efficiency map) is avoided.
The diagrams of Figure 3 show the way in which the acceleration is handled in this propulsion system. Figure 3 (a) shows the case in which the driver provides a torque request ( ), which then produces a torque request for each motor ( EM1 and EM2 ) and ultimately produces an output angular speed ( D1 ) which provides forward movement to the vehicle. In Figure 3 (b) the driver is replaced by a PID controller which compares the obtained vehicle speed (V( )) with a set point speed (V SP ( )) defined by a driving cycle. The use of a driving cycle provides a predefined standard speed which can be used to produce comparisons in energy losses.
Control Strategy for the Propulsion System
The objective of the control strategy is to distribute the torque request signal to each electric motor. The control strategy starts working when a positive torque is requested to the powertrain to produce acceleration in the vehicle (when > 0). According to the current speed and the requested torque, a decision is made to calculate the torque request signal for each motor. The inequalities in (7) show the possible values that can be assigned for each torque request signal:
The boundaries of the control strategy consider the limits of the parameters of the electric motors. The electric motor's maximum speed used for this study is 800 rad/s. The maximum achievable torque for the electric motors is shown in Figure 2 in the torque limited zone (0-415 rad/s) and the power limited zone (415 rad/s-800 rad/s). From (5), the maximum output speed for differential 1 ( D1|max ) can be expressed according to (8) and (9) for OM 1 and OM 2 (previously defined in Table 1 ):
The implication of (8) and (9) is that OM 2 enables higher speeds (by a factor of two) than what is possible to achieve by using OM 1. The transition speed ( 1 → 2 ) is the speed D1 at which the powertrain changes the operation from one motor (OM 1) to two motors (OM 2). The possible values for 1 → 2 are limited by (8) which result in
The transition torque request ( 1 → 2 ) is the torque request signal at which the powertrain changes the operation from one motor to two motors. The possible values for 1 → 2 can be in the range {0, 1}. The values chosen for 1 → 2 and 1 → 2 have an impact in the overall efficiency of operation of the powertrain and in the longitudinal dynamics of the vehicle, which is analyzed in the next section. Figure 4 portrays the control logic in a flow diagram for the transitions between the previously defined operation Motor maximum power 100 kW modes. According to the control logic, OM 3 is used to regulate the speeds of both motors until they are similar within certain range. For that reason OM 3 is used only to transition from OM 1 (motor 1 has speed but motor 2 is at rest) to OM 2 (both motors have speed). According to the control logic, when 1 → 2 and 1 → 2 are small, there are less chances for the powertrain to work on OM 1. On the contrary, when 1 → 2 and 1 → 2 are large, the manifestation of OM 3 and OM 2 is delayed.
Effect of 1 → 2 and 1 → 2 on Acceleration and Power Losses
To run simulations on the powertrain, the values of the parameters of the vehicle are shown in Table 2 . and, after the transition speed ( 1 → 2 = 200 rad/s), the powertrain passes through OM 3 to OM 2. According to the figure, when the powertrain is using one motor only, the vehicle achieves slightly higher acceleration; however, during OM 3, the vehicle undergoes a period of coasting before the powertrain (in OM 2) accelerates the vehicle again. Figures  6(b) and 6(c) show EM1 and EM2 , respectively. The plots corresponding to 1 → 2 = 0.35 show EM1 running at almost 400 rad/s just before the speed drops as a consequence of the start of OM 3. At that moment, EM2 starts to rise until the two speeds are the same. The plots corresponding to 1 → 2 = 0.15 show the powertrain operating in OM 2 all the time. According to Figures 5 and 6 , OM 3 produced a time in which the vehicle is not accelerated. Drivability, which "describes the driver's complex subjective perception of the interactions between driver and vehicle associated with the longitudinal acceleration aspects" [17] , is affected by the implementation of OM 3. Next section continues the analysis of the effects of 1 → 2 and 1 → 2 on the energy losses and the drivability by using driving cycles.
Driving Cycle Simulation of the Control Strategy.
The torque request ( ) necessary to follow the driving cycle was obtained using a PID. Figure 7(a) illustrates the New European Driving Cycle (NEDC) and the speed followed by the simulated vehicle using 1 → 2 and 1 → 2 with values of 200 rad/s and 0.5, respectively. The control strategy follows closely the NEDC speed; however when OM 3 is present, an error occurred (the error was magnified in the figure for illustration purposes). The speed error ( V ( )) can be expressed as shown in In this research, the maximum V (t) produced in the driving cycle ( V|MAX ) is used as an indicator of drivability. An improved drivability is obtained when V|MAX is maintained small. Figure 7(b) shows the speed of the electric motors while being controlled to produce the speed of the NEDC. Figure 7 (c) shows the accumulated energy losses incurred by the simulated vehicle while following the driving cycle according to the model explained in Section 3.
The effect of 1 → 2 and 1 → 2 on the energy losses while the vehicle follows NEDC is illustrated in Figure 8(a) . According to the figure, the energy losses increase when the values of 1 → 2 and 1 → 2 decrease. This situation corresponds to an early switch from OM 1 to OM 2 or when the driving cycle is handled almost completely in OM 2. The maximum energy losses were found when 1 → 2 has a value of 80 rad/s. The maximum energy losses found in this study at the end of the NEDC were of 1,199.753 kJ. The minimum energy losses were found when 1 → 2 has a value of 400 rad/s and 1 → 2 > 0.70. The minimum energy losses found in this study at the end of the NEDC were of 870.823 kJ.
The effect of 1 → 2 and 1 → 2 on V|MAX while the vehicle follows NEDC is illustrated in Figure 8(b) . According to the figure, V|MAX decreases when the values of 1 → 2 and 1 → 2 decrease. This situation corresponds to a better drivability, given that the driving cycle is handled almost completely in OM 2 (OM 3 did not appear in the entire driving cycle or appears at small values of speed). The best drivability was found when 1 → 2 has a value of 0 rad/s and 1 → 2 < 0.25, resulting in V|MAX of 1.52 km/h. The worst drivability was found when 1 → 2 = 400 rad/s and 1 → 2 > 0.4, with a value of V|MAX = 6.27 km/h. The plot reveals also a second worst case of drivability when 1 → 2 = 160 rad/s and 1 → 2 > 0.25, with a value of V|MAX = 6.08 km/h. The Urban Dynamometer Driving Schedule (UDDS) and the New York City Cycle (NYCC) are driving cycles that present higher peak accelerations and lower speeds when compared with the NEDC [18] . The effect of the proposed control strategy under those driving cycles in terms of energy losses and drivability ( V|MAX ) was also analyzed. The UDDS and the NYCC are shown in Figures 9(a) and 9(b) , respectively, along with the speed profile produced by the control strategy applied in the simulated EV. The figure shows that the maximum speed achieved by the vehicle in the UDDS is 91.25 km/h, while for the NYCC it is of 44.6 km/h.
The effect of 1 → 2 and 1 → 2 on UDDS and NYCC is presented in Figure 10 . For the UDDS the contour plot for the energy losses (Figure 10(a) ) looks similar to the contour plot obtained for the NEDC (Figure 8(a) ). The maximum energy losses were found when 1 → 2 is less than 240 rad/s (2,043.404 kJ). The minimum energy losses were found when 1 → 2 has a value of 400 rad/s and 1 → 2 > 0.85 (1,233.674 kJ). For drivability (Figure 10(b) ), the results of the UDDS are similar to those of NEDC. The best drivability was found when 1 → 2 has a value of 0 rad/s and 1 → 2 < 0.85 ( V|MAX = 2.89 km/h). The worst drivability was found when 1 → 2 has a value of 400 rad/s and 1 → 2 = 0.55 ( V|MAX = 13.29 km/h).
For the NYCC, according to Figure 10 (c), the energy losses follow the same pattern as NEDC and UDDS, increasing in the zone of low 1 → 2 and 1 → 2 values (765.012 kJ) and decreasing when 1 → 2 and 1 → 2 are high (501.146 kJ). For the drivability, the NYYC presented the potential worst case of drivability between the analyzed driving cycles with V|MAX = 13.72 km/h found when 1 → 2 has a value of more than 80 rad/s and 1 → 2 = 0.4. The best drivability was found in the same zone as the UDDS and NEDC, when 1 → 2 and 1 → 2 have low values ( V|MAX = 2.40 km/h).
Discussion.
The energy losses in all modes were reduced when a high transition speed ( 1 → 2 ) was set in combination with a high transition torque request signal ( 1 → 2 ). This indicates that energy losses were reduced when the driving cycle is handled most of the time in OM 1, with only one electric motor. To handle the whole driving cycle in OM 1 is only possible for the NYCC because of its low maximum speed. For the UDDS and mainly for NEDC, the switching from OM 1 to OM 2 was necessary to achieve the speeds above 61.7 km/h, which correspond to the electric motor maximum speed (of 800 rad/s) in OM 1.
The differences in energy losses can be explained by analyzing the efficiency map of the motors and the zones in which the operation points are located under different values of 1 → 2 and 1 → 2 . Figure 11 illustrates this by showing the efficiency map of the motor with the operation points produced superposed, when NEDC is followed. Figure 11 . The high speed zone in the efficiency map corresponds to the higher efficiency, while zones of low speed present also low efficiencies. This produced a difference in energy losses of 318.617 kJ less between the operation points of (a) with respect to (b). Another observation that can be drawn from Figure 11 is the low utilization of the torque range by the NEDC. Driving cycles with higher accelerations require higher torques. Also, variations in the design of the powertrain can include different transmission gear ratios (which modify the torque requirements in the motors) and different sizes of electric motors to get a better fit of the operation points.
In this work, two electric motors of the same characteristics were used. The effect of having two electric motors with different efficiency maps or size would be that the control strategy would have to account for two types of OM 1, depending on which motor is actuated and which motor is locked. Each motor could offer efficiency advantages in certain conditions of torque and speed, which would add flexibility to the system. On the other hand, two motors of the same characteristics simplify the control strategy and allow fault tolerant traction in the case of failure of any of the electric motors: independently of the faulty motor, any of the motors can continue operating in OM 1 providing the vehicle with the same output torque (however with the limitation in maximum vehicle speed that appears with OM 1).
According to the results, high 1 → 2 and high 1 → 2 combination produces less energy losses but also produces the highest V|MAX for the driving cycles NEDC, UDDS, and NYCC.
Conclusions
A control strategy for a dual motor propulsion system for EVs is established in this work. The control strategy receives the torque demand and distributes it to the two electric motors to provide the desired acceleration and speed. The objective of the control strategy is to allow the desired acceleration while maintaining low energy losses.
The proposed control strategy is based on rules, with feasibility to be implemented in a real time control system. The control strategy inputs are the current speed of the electric motors and the torque demand signal ( ). The control strategy can be tuned using two parameters: the transition speed ( 1 → 2 ) and the transition torque request signal ( 1 → 2 ). These parameters define when to switch from the use of one motor only (which is identified as OM 1) to two motors (identified as OM 2). The switching produces a transition mode (OM 3), which produces a brief period of coasting of about 1.7 s in this work. This period of coasting can affect drivability by producing a difference between the desired speed and the actual speed. This error was calculated and analyzed.
The effect of 1 → 2 and the transition torque request signal 1 → 2 on energy losses and drivability was studied by running simulations of the speed and energy losses produced by the electric motors in an EV. The simulations made use of three of the most popular driving cycles: NEDC, UDDS, and NYCC. The results show that 1 → 2 and 1 → 2 have a significant effect on the energy losses and drivability. According to the results, the combination of high 1 → 2 and high 1 → 2 provides the best results overall in energy savings in the analyzed driving cycles. The drivability as studied here, using the indicator V|MAX , is affected by driving cycles with high accelerations and also when the shifting between modes is produced at higher speeds.
